known to promote growth of several types of neurites (Ard et al., 1987) . Whether a similar material produced by astrocytes may be available to promote neurite growth during CNS development is now open to question. The present study was undertaken to define conditions under which cultured astrocytes deposit the ECM components laminin and heparan sulfate proteoglycan (HSPG), and to relate this deposition to the ability of astrocytes to support neurite growth. The use of 2 different culture media permitted the growth of astrocytes either with or without these ECM components. Neonatal rat cortical astrocytes were cultured by the method of McCarthy and de Vellis (1980) and studied by immunocytochemistry and electron microscopy. Astrocytes grown in serum-containing medium for 5 or 9 d after subculturing were shown to have fibrillar patches of ECM containing both HSPG and laminin immunoreactivity. lmmunoreactivity for the 2 molecules was usually colocalired. In contrast, astrocytes subcultured for 5 d in defined medium showed no immunocytochemical staining for either laminin or HSPG and had no ECM visible in EM. Formation of stellate processes was increased when cells were grown in defined medium compared with that seen in serum-containing medium, and growth of the population was slower. In 3 other conditions, attainment of stellate morphological differentiation by the astrocytes was correlated with diminution in immunostaining for ECM components. ECM-containing laminin and HSPG did not appear to be necessary for neurites to interact with astrocytes. In defined medium, in which no ECM was detected, dorsal root ganglion neurites were found in contact with astrocyte surfaces rather than on the rat tail collagen substratum on the culture dish. The 3 major findings of this study are that astrocytes secrete an ECM containing both HSPG and laminin, that expression of these molecules appears to be regulated with morphological differentiation and with contact by neurites, but that the capacity of astrocytes to interact with growing neurites is not dependent on their expression of HSPG and laminin.
A major problem in the study of astrocytes is to define the changes in their functions that take place during maturation. Changes in astrocytes may be the basis of the failure of axonal regeneration in the mammalian CNS. In the developing brain, initial growth of axon tracts occurs in the presence of immature astrocytes, and axons may even be guided by astrocytes which temporarily form spaces, tunnels, or channels systematically aligned within the brain parenchyma (Singer et al., 1979; Silver and Sidman, 1980; Krayanek and Goldberg, 198 1) . In contrast, in the adult mammal, regrowth of axon tracts following CNS damage does not occur. Possibly regrowth is blocked by astrocytic scarring (for review, see Reier et al., 1983) . Experimental evidence supports the view that regenerative failure is due to the environment within the CNS rather than to any postulated incapacity of CNS neurons to mount a growth response: Regeneration of CNS axons can be induced by grafting peripheral nerve tissue into adult brain (e.g., Aguayo et al., 1982; Kromer and Cornbrooks, 1985; So and Aguayo, 1985) . Furthermore, astrocytes specifically have been pinpointed as a controlling factor in the CNS environment. In studies of regeneration of mouse corpus callosum, implants of embryonic astrocytes were compared with implants consisting of adult astrocytes and other cells which migrated from the host lesion site. Adult axons readily grew across a layer of embryonic, but not adult, astrocytes (Smith et al., 1986) . Taken together these observations suggest that astrocytes differentiate from an immature state in which they interact favorably with growing axons to a mature state in which the interaction is no longer permissive for axon growth. Despite the accumulation of suggestive evidence, no altered physical property has yet been described to account for the changed interaction with axons.
Because the peripheral nerve environment, in contrast to the mature CNS, is permissive for axonal regeneration, attention has recently been focused on a salient difference between PNS and CNS, the production of extracellular matrix (ECM). Schwann cells of the PNS secrete ECM in the form of a basal lamina. This material, as well as one of its constituent molecules, laminin, has been shown to be a strong promoter of neurite growth in vitro ( Baron-Van Evercooren et al., 1982; Manthorpe et al., 1983; Rogers et al., 1983; Tomaselli et al., 1986; Ard et al., 1987) and in vivo (Ide et al., 1983; Hall, 1986; Kuffler, 1986) . Laminin is secreted by many types of cultured cells in a complex with another basal lamina constituent, heparan sulfate proteoglycan (HSPG), and this complex promotes neurite growth in vitro Matthew et al., 1985; Chiu et al., 1986) . Immunocytochemical examination of tissue sections has revealed this net&e-promoting ECM complex in PNS but not in CNS (Chiu et al., 1986) . In CNS, however, an ECM comparable to the basal lamina of the axon-Schwann cell units of peripheral nerve does not occur except surrounding blood vessels or at the pial surface.
If the lack of ECM in adult mammalian CNS signals its inability to support regeneration, then during the period of developmental axon growth ECM should be present in some form. Indeed, various lines of evidence support this. A loosely organized ECM demonstrable by cationic dyes or colloidal iron labeling has been found in the CNS during development only (Krayanek, 1980; Derer and Nakanishi, 1983; Nakanishi, 1983) . Biochemical analysis has shown extracellular hyaluronic acid, present in immature rat brain, to decrease dramatically after 7 d of age (Margolis et al., 1975) . Hyaluronectin, a protein defined by its affinity for hyaluronic acid, is more abundant in embryonic than in adult brain and appears to be extracellular (Bignami and Delpech, 1985; Bignami and Dahl, 1986) . EM immunocytochemistry has found chondroitin sulfate proteoglycan to be present extracellularly in developing rat brain but only intracellularly in the adult (Aquino et al., 1984a, b) . Fibronectin immunoreactivity also has been observed during a limited period of embryonic life in the subplate and marginal zone of mouse cortex (Stewart and Pearlman, 1987) and in rat cerebellum (Hatten et al., 1982 ; however, negative results were obtained by Schachner et al., 1978; Minier et al., 198 1; and Jones et al., 1982) . Laminin has been found not as ECM but on the cell surfaces of developing CNS cells in vivo (Liesi, 1985a ; however, negative results were obtained by Bignami et al., 1984) , and the presence of this net&e-promoting molecule has been correlated with the ability of astrocytes to support regenerative axonal growth (Liesi, 1985b; Ford-Holevinski et al., 1986) .
Previous studies in vitro have shown that astrocytes secrete fibronectin (Price and Hynes, 1985) and laminin (Selak et al., 1985) into the medium and assemble an ECM containing fibronectin (Vaheri et al., 1976; Kavinsky and Garber, 1979; Liesi et al., 1986) and laminin (Liesi et al., 1983) . Through the use of tissue cultures in which growing neurites can be combined with astrocytes, we have investigated the relationship between differentiation of astrocytes, ECM production, and astrocytes' ability to support neurite growth.
Materials and Methods
Astrocyte cultures. Astrocyte cultures were established from cerebral cortex of 1 -d-old rat pups using the method of McCarthy and de Vellis (1980) as modified by Noble et al. (1984) . In brief, dissociated cells were grown in a flask for 7-10 d. The flask was then shaken hard overnight on a rotary shaker to remove oligodendrocytes and neurons from their position on the surface of the underlying astrocyte monolayer. After shaking, the purified astrocytes received 2 treatments with 1O-5 M fluorodeoxyuridine to kill any remainder of dividing oligodendrocytes. The medium for the primary cultures was Dulbecco's Modified Eagle's Medium (GIBCO) with 10% fetal calf serum (Hyclone). For experiments the primary cultures, after 2-8 weeks in vitro, were trypsinized and subcultured onto rat tail collagen-coated 22 mm glass coverslips or 25 mm dishes made of Aclar plastic. We compared cells subcultured after 2 weeks in primary culture with cells subcultured after 2 passages and a total of 7% weeks in culture. No difference was seen in immunostaining for laminin or HSPG, in ECM observed in EM, or in the ability of the cells to support neurite growth in the subcultures. Therefore, for this study all astrocytes were used within 2 months of primary dissection and with no more than 2 passages. Subculturing was done by adding one drop of cell suspension (covering an area about 5 mm in diameter) to the center of the dried collagen surface of the coverslip or dish. Plating density was 10,000 astrocytes per drop in medium with serum or 20,000 astrocytes per drop in serum-free medium. Defined medium for subcultured astrocytes was a modification of the N2 medium of Bottenstein and Sato (1979) without HEPES, sodium bicarbonate, or antibiotics, and supplemented with 1.4 mM Lglutamine, 50 &ml L-ascorbic acid, and purified 2.5 S NGF (100 ng/ ml: gift of Dr. Eugene Johnson). In some exneriments 0.1% BSA (Calb&hem) was added to defined medium. Medium with serum was the defined medium with 20% human placental serum added. Protease inhibitors. In some experiments a protease inhibitor was Dorsal root ganglion explants. Explants of embryonic day 16 rat dorsal added to culture medium. The inhibitors employed were the broadroot ganglion were cultured with the antimitotic agent fluorodeoxyspectrum protease inhibitor alpha-2-macroglobulin (Boehringer-Mannuridine to obtain pure neuronal cultures without Schwann cells or fiheim) at 1 mg/ml or the plasmin inhibitor aprotinin (Sigma) at 1000
broblasts. Culture medium consisting of Eagle's Minimal Essential Mekallikrein inhibitor units/ml. dium (GIBCO) with 10% human placental serum, 690 mg % glucose, Immunocytochemistry.
The primary antibodies used for immunocytochemical staining are identified in Table 1 . The control for specific staining was either normal rabbit serum (diluted 1: 100, Cooper Biomedical) or application of secondary antibodies alone without primary. Secondary antibodies were fluorescein isothiocyanate-conjugated goat antirabbit immunoglobulin (diluted 1: 100; Rappel), rhodamine-conjugated goat anti-mouse immunoglobulin (diluted 1:50; Cappel), or fluoresceinconjugated goat anti-mouse immunoglobulin (diluted 1: 100; Antibodies Incorporated). Throughout this study all primary antibodies except antiglial fibrillary acidic protein (anti-GFAP)and anti-neurohlament (RT97) were applied to living cultures before fixation. Cultures were rinsed in L-15 balanced salt solution with 10% heat-inactivated horse serum and 0.02% sodium azide added (buffer), then incubated for 30-60 min at room temperature in the primary antibody diluted in the same buffer, rinsed, incubated 30-60 min at room temperature in the secondary antibody diluted in buffer, rinsed, fixed in 4% paraformaldehyde in PBS for 15-30 min, rinsed in 0.1 M phosphate buffer, and mounted in glycerol or Gelvatol mounting medium. For cell counts the nuclear dye Hoescht 33342 (Sigma) was added to glycerol mounting medium. Anti-GFAP and RT97 immunostaining differed only in that cultures, prior to application of the above protocol, were rinsed in L-15 balanced salt solution and then fixed and permeabilized in 95% ethanol-5% glacial acetic acid for 10-l 5 min at -20°C.
3H-thymidine autoradiography. To quantitate cell proliferation, some cultures were labeled by uptake of "H-thymidine (New England Nuclear), which was added to culture medium at a concentration of 0.1 &i/ml for 24 hr preceding immunostaining and fixation. The fixed cultures, on glass coverslips, were coated with Kodak NTB2 emulsion, exposed for 4 d, developed, and mounted in glycerol mounting medium with Hoescht nuclear dye 33342.
Electron microscopy. For EM, cultures were fixed in 2% glutaraldehyde (in 0.046 m phosphate buffer with 100 mM sucrose or, when grown in defined medium, in 0.1 M phosphate buffer plus 80 mM sucrose), postfixed in 2% 0~0, in 0.1 M phosphate buffer, pH 7.4, dehydrated in ethanol, and embedded in Polybed (Polysciences, Inc.). Thin sections were stained with uranyl acetate and lead citrate.
Results
Astrocytes grown in either defined medium or serum-containing medium could be labeled with antiserum against GFAP (Fig.  1) . Cells in defined medium were process-bearing; those in serum-containing medium were flat and polygonal. To further characterize the cells as astrocytes, parallel cultures were labeled with the monoclonal antibodies Ran 2, a marker for astrocytes (Bartlett et al., 1981; Raff et al., 1984) , A2B5, a marker for neurons and for type 2, but not type 1, astrocytes (Raff et al., 1983 (Raff et al., , 1984 , or anti-Thy-l. 1, a marker for fibroblasts (Raff et al., 1979) , and costained with the nuclear dye Hoescht 33342. Counts of the number of antibody-labeled cells per hundred nuclei revealed the cultures to contain approximately 95% type 1 astrocytes (positive for anti-GFAP or Ran 2), 2% fibroblastlike cells (positive for anti-Thy-1. l), and 2% type 2 astrocytes or small neurons (positive for A2B5). Cells were counted 5 or 6 d after subculturing, and the composition of the cultures was similar in either defined medium or medium with serum.
More than 400 astrocyte subcultures were plated as single drops of about 5 mm diameter on collagen-coated coverslips of 22 mm diameter. After 24 hr, subsequent to attachment, the entire coverslip was flooded with medium. In defined medium there was little proliferation; rather, the cell number appeared to diminish as time in culture increased. Thus, at the 5 and 9 d time points used in this study, cultures in defined medium were rather sparsely populated and consisted of small clusters of cell bodies interconnected by long astrocytic processes often aligned parallel to each other. The appearance of cultures in serum-containing medium was quite different. In the presence of serum the astrocytes divided rapidly until they reached confluence; a monolayer was formed within a few days covering (Fig.  2) .
Deposition of ECM components
In serum-containing medium at 5 or 9 d after subculturing, astrocytes could be immunostained with antibodies against HSPG and laminin. The pattern of immunostaining was fibrillar (Fig. 3) and was extracellular, because living cultures were stained without permeabilization. In cultures doubly labeled with both antibodies, using a combination of fluorescein and rhodamine, the 2 immunostaining patterns were almost identical (compare Fig. 3C with 3E ). The exception was that occasionally laminin immunostaining appeared without concomitant HSPG immunostaining. This disparity was most often seen near the periphery of the astrocyte monolayer, where cells had most recently divided; here on the outermost cells, laminin immunostaining A, The process-bearing morphology is visible in phase contrast. B, Antilaminin appears in a punctate pattern on the cell surface. Fibrillar antilaminin is reduced compared with that seen in medium with serum (compare with Fig. 3C ). Deposits of anti-laminin immunoreactivity are left behind on the culture substratum previously occupied by a confluent monolayer of cells. C, Anti-HSPG distribution matches that of antilaminin except that no punctate immunostaining ofthe cell surface exists for anti-HSPG. x 380. The labeling shown here is the minimum seen; in some differentiated areas the labeling more closely resembles that seen in Figure 9C . x 240.
was punctate rather than fibrillar and covered the cell surface (Fig. 30) . EM confirmed that ECM was assembled in these cultures. Figure 4 shows both a loose, fibrillar matrix lacking attachment to the cell surface but enclosed within intercellular spaces or channels, and small patches of basal lamina attached to the cell surface at membrane thickenings.
When astrocytes were grown in defined medium, neither form of ECM was observed in EM, and fluorescent immunostaining of such cultures was negative for both HSPG and laminin (Fig.  5) . Process formation by the cells was greater in defined medium than in serum-containing medium at 5 d after subculturing.
After a period of 5 d subculturing with serum, some cultures were converted to defined medium and maintained without serum for a further 4 d. Withdrawal of serum resulted in the morphological change from a confluent monolayer to a population of process-bearing cells (Fig. 6A) . In addition to this change, for HSPG and laminin was sharply reduced in the converted cultures, while more punctate laminin immunostaining appeared (Fig. 6 , B, C, compare to Fig. 3C,   E ). As the cells formed processes and withdrew from previously occupied areas, some ECM that had been deposited on the culture substratum was left behind (most easily seen by comparing Fig. 6A with 6B ). This was the only situation in which deposits of ECM were seen beyond the area directly occupied by the cells.
A similar, correlative change toward a more differentiated morphology with loss of immunostaining for ECM components was noted in older cultures maintained continuously in serum for 30-42 d after subculturing. In these cultures, a gradient existed between the densely populated central and sparser peripheral areas of the cultures (Fig. 2) . Central cells were stellateshaped and showed reduced immunostaininng for HSPG and laminin, while peripheral cells were polygonal, flatter, and showed abundant HSPG and laminin immunostaining (Fig. 7) . Because the periphery of these cultures was an open area free of contact inhibition, the astrocytes in this area represented a proliferating, "younger" population.
Interaction of neurites with astrocytes
Dorsal root ganglion explants, free of non-neuronal cells, were added to astrocyte monolayers 1 d after subculturing in serumcontaining medium. Neurites from the explants grew onto the layer of astrocytes and could be followed in phase-contrast microscopy or after immunostaining with A2B5 or RT97 antibodies (Table 1) . Morphological changes in astrocytes occurred in the vicinity of the neurites, as shown in Figure 8 . Flat or polygonal astrocytes were typical in cultures maintained for 5 d with serum, but astrocytes in contact with neurites were stellate in these cultures. Neurite growth on the astrocyte surfaces dramatically reduced immunostaining of astrocytes for HSPG and laminin (Figs. 9, 10 ). The effect was localized and confined to the vicinity of the neurites, although its precise boundaries could not be determined because of the patchy nature of the immunostaining. Nevertheless, the marked reduction in immunostaining in the area of the neurites was clearly different in magnitude from any unevenness seen in other areas of these cultures (Fig. 10) . In EM (Fig. 1 l) , neurites were seen usually in contact with astrocyte surfaces or with other neurites. In areas with neurites, little of the fibrillar matrix or basal lamina appeared. Instead, the ECM consisted of a thin, wispy material (compare Fig. 11 with Fig. 4 , both taken from different areas of the same culture).
Dorsal root ganglion explants were placed on ten 29-d-old subcultures of astrocytes with serum. Relatively little HSPG or laminin immunostaining was present in the central areas ofthese cultures where the neurons were placed, yet neurites grew well on the astrocyte surface, with the neurite length observed after 4 d growth not significantly different from that seen on freshly plated monolayers (Table 2) .
Neuronal explants were also added to astrocytes subcultured in defined medium. In this condition, neurites were found in contact with astrocyte surfaces rather than on the unoccupied collagen substratum between the sparse clusters of cells (Fig.  12) . Astrocyte processes interacted with neuritic bundles, partially enclosing some fascicles (seen by EM in Fig. 13 ). The pattern of astrocyte growth in defined medium, i.e., small, randomly distributed clusters of cell bodies interconnected by a network of long processes, was the same in the presence or absence of neurites.
Addition of protease inhibitors to culture medium A sharp reduction in immunostaining of ECM components occurred in short-term cultures to which neurons were added. In order to determine whether the reduction in ECM immuno- Figure II. Neurites growing among astrocyte processes. Cross-sectioned neurites (some marked by arrowheads), identifiable by their arrays of microtubules, contact each other or the surfaces of irregularly shaped astrocytic profiles. Only one cellular process which may be a neurite (double arrowheads) contacts ECM of a basal lamina or fibrillar type. In the area where most neurites are found, only a thin, wispy ECM is seen. This is a reduction compared to the ECM shown in Figure 4 , which was taken from a neurite-free region of this same culture. The astrocytes were subcultured for 1 d, and neurons were then added; astrocytes and neurons were maintained for an additional 7 d with serum. Original magnification, 10,000. staining might be mediated by a protease, protease inhibitor was added to some of these cultures. Neither of the 2 protease inhibitors tested, alpha-2-macroglobulin at 1 mg/ml or aprotinin at 1000 kallikrein units/ml, prevented the loss of HSPG and laminin immunostaining associated with neurite growth on the astrocytes. This experiment was done in 2 ways. First, alpha-2-macroglobulin was added to serum-containing medium, and this was fed to cultures during the 4 d period of dorsal root ganglion neurite growth on the astrocyte layer. In the presence of serum, alpha-2-macroglobulin did not prevent the neuriteassociated loss of HSPG and laminin immunostaining (Fig. 10) . Therefore, to control for the possibility that serum might interfere with the activity of the protease inhibitor, the experiment was repeated with either alpha-2-macroglobulin or aprotinin (at the concentrations given above) added to defined medium. After 5 d of growth in serum-containing medium, the astrocyte subcultures were converted to defined medium with protease inhibitor for the 4 d period of neurite growth. These cultures maintained some HSPG and laminin immunoreactivity in neurite-free areas, yet reduction of HSPG immunostaining still occurred in areas of neurite growth. This result was obtained in 2 experiments with alpha-2-macroglobulin and in one experiment with aprotinin.
Discussion
Our immunocytochemical studies on living cells have shown that astrocytes in culture accumulated both HSPG and laminin on their surfaces. These components were for the most part colocalized and appeared to be assembled into an irregular ECM; the presence of an ECM was confirmed by EM observation. HSPG immunostaining occurred exclusively in a fibrillar pattern. Laminin immunostaining was usually fibrillar and colocalized with HSPG, except in the most recently generated, peripheral regions of the cultures, where laminin immunostaining was in a punctate pattern on the cell surface and preceded the appearance of HSPG immunoreactivity. When HSPG-immunoreactive fibrils subsequently appeared, the punctate pattern of laminin immunostaining gave way to the fibrillar pattern of the ECM, suggesting that HSPG production signaled a reorganization of laminin distribution by the cells.
HSPG and laminin deposition were reduced with increasing morphological differentiation of the astrocytes. Immunostaining for both molecules was intense under conditions in which astrocytes were flat in shape and rapidly growing. Such conditions required serum in the culture medium. This result is in agreement with the earlier studies of Liesi et al. (1983) and Selak et Neurites codistribute with astrocyte processes in defined medium. A and B are the same field. A, Anti-GFAP labels astrocytes, which grow sparsely and in clusters in defined medium. B, A2B5 antibody labels neurites, which grow in contact with the astrocytes rather than on the collagen substratum. Astrocyte subcultures grew for 1 d before addition of neurons; astrocytes and neurons were then maintained for 4 more days in defined medium. x 240.
al. (1985) showing laminin production by cultured astrocytes that were flat and grown in the presence of serum. Conversion of cultured astrocytes from flat to stellate form upon withdrawal of serum is well documented (e.g., Moonen et al., 1975 Moonen et al., , 1976 Fan and Uzman, 1977; DUG, 1982; Morrison and de Vellis, 1983; Michler-Stuke et al., 1984) . In our cultures in defined medium, stellate astrocytes formed sparsely populated cultures that exhibited no HSPG or laminin immunoreactivity, suggesting that the stellate form represented an advanced state of differentiation that precluded their production of ECM. Alternatively, some necessary ingredient or cofactor for matrix production might have been missing from defined medium (for example, Schwann cells require vitamin C for assembly of basal lamina: Carey and Todd, 1987; Eldridge et al., 1987) . In support of the first view, astrocytes maintained in long-term culture (subcultured 30-42 d in the continued presence of serum) eventually lost much of their HSPG and laminin immunostaining as they differentiated to a stellate form. Liesi et al. (1983) (Liesi, 1985a) . Four other ECM constituents have been demonstrated in astrocytes. Chondroitin sulfate proteoglycan has been immunocytochemically visualized extracellularly in developing rat brain but becomes restricted to an intracellular location within astrocytes and neurons in adulthood (Aquino et al., 1984a, b) . Hyaluronectin appears to form an ECM around white matter astrocytes and subependymal and other glia, with additional, wider distribution embryonically (Bignami and Delpech, 1985; Bignami and Dahl, 1986) . Cytotactin, a protein mediating glianeuron adhesion in vitro, is associated with glia of the chick cerebellum during development and in culture (Grumet et al., 1985) . Fibronectin immunoreactivity has been shown to be limited spatially and temporally in embryonic mouse brain, appearing first in the preplate and then in the subplate and marginal zone of cortex around the time of arrival of afferent axons in this region (Stewart and Pearlman, 1987) . Earlier work with fibronectin immunostaining led to differing conclusions about whether fibronectin appeared in the CNS (Schachner et al., 1978; Minier et al., 1981; Hatten et al., 1982; Jones et al., 1982) . In tissue culture studies, astrocytes have been shown to secrete fibronectin without depositing it into an ECM (Price and Hynes, 1985) . Other researchers found fibronectin immunoreactivity both intracellularly and in a fibrillar form of ECM in astrocyte cultures, depending upon the brain region from which the cultures were taken and the age of the cells (Liesi et al., 1986) . These data in sum indicate a changing role for ECM components during development of the CNS.
In our cultures the growth of dorsal root ganglion neurites on astrocytes caused a sharply localized reduction of HSPG and laminin immunostaining in areas of direct contact between the 2 cell types. This may again represent a correlation between down-regulation of ECM and development of process-bearing morphology by the astrocytes because it has previously been shown that neuronal contact stimulates a change in astrocytic shape from flat to process-bearing, along with a decrease in astrocytic proliferation (Sobue and Pleasure, 1984; Hatten and Mason, 1986; Hatten, 1987) . A similar change in shape has been noted in our preparations also. The loss of HSPG and laminin immunostaining from astrocyte surfaces in contact with neurites was not prevented by protease inhibitors. Nevertheless, this result does not rule out the possibility that the reduction in ECM is caused by release of a protease from the growing tips of neurites, as has been suggested in other culture systems (Krystosek and Seeds, 198 1, 1986; Pittman, 1985) . Neither of the inhibitors tested, alpha-2-macroglobulin nor aprotinin, universally blocks all proteases, and inhibitors may not have access to cell surface proteases in close cell contacts (Fairbairn et al., 1985) . On the other hand, target cells may themselves remodel their ECM under the stimulus of neuritic contact. Such was the conclusion reached by Anderson (1986) because ECM was temporarily lost Figure 13 . Neurites growing among astrocyte processes in defined medium. Irregularly shaped astrocyte processes partially enclose a bundle of cross-sectioned neurites (identifiable by their arrays of microtubules). The collagen substratum is visible in the lower-left corner. The astrocytes were subcultured for 1 d; then, neurons were added, and astrocytes and neurons were maintained for an additional 7 d in defined medium. Original magnification, 8000. from muscle cells, but not from epithelial cells, contacted by neurites in culture.
The influence of neuronal contact on astrocytes is strikingly different from its influence on Schwann cells. In the PNS, contact with neurites up-regulates first Schwann cell proliferation and then deposition of ECM Combrooks et al., 1983) . Our results suggest that in the CNS neurite contact may have the opposite effect: astrocytes in contact with neurites lose immunostaining for ECM components, and their rate of proliferation declines (Sobue and Pleasure, 1984; Hatten and Mason, 1986; Hatten, 1987) . The common effect in these 2 systems is that in each case interaction with neurites drives glia toward expression of differentiated properties.
Although ECM from various cell types is known to promote neurite outgrowth (Ide et al., 1983; Hall, 1986; Kulller, 1986; Tomaselli et al., 1986; Ard et al., 1987; Davis et al., 1987) , in the present work we have shown that laminin and HSPG were not required for interaction between sensory neurites and astrocyte surfaces. In defined medium, in which astrocytes produced no immunostainable HSPG or laminin, neurites were found in contact with astrocytes rather than on the rat tail collagen substratum. Neurites also grew on astrocyte monolayers that had been subcultured for more than 4 weeks before neurons were added and thus retained relatively little HSPG or laminin. These findings are in agreement with previous studies indicating that neurite growth on astrocyte surfaces did not depend on the capacity of neurites to respond to laminin (Cohen et al., 1986) and was not blocked by laminin-fibronectin receptor antibodies that blocked growth on ECM (Tomaselli et al., 1986) .
Recently it has been suggested that immature, but not mature, astrocytes support axonal growth (Smith et al., 1986) . Comparisons are difficult because of the lack of a clear, widely applicable definition of astrocyte maturity. The work of Smith et al. (1986) has taken an interesting and successful approach in transplanting embryonic astrocytes to adult mouse brains. However, attempts to compare embryonic, transplanted astrocytes with mature host astrocytes have suffered from the absence of a demonstration that the mature host cells in question were a pure population of astrocytes. Contaminating fibroblasts or other cell types could have affected the results. Currently, data are accumulating that catalog differences between immature and morphologically differentiated astrocytes, e.g., proliferation slows concomitant with the change from flat to stellate shape (Lindsay et al., 1982; Sobue and Pleasure, 1984; Hatten and Mason, 1986; Hatten, 1987) ; synthesis of S-100 protein increases (Fan and Uzman, 1977; Lim et al., 1977; Weibel et al., 1985) ; prostaglandin D, production increases (Seregi et al., 1987) ; astrocytes acquire the ability to take up GABA (Levi et al., 1983) ; and expression of /3-adrenergic receptors changes (Trimmer and McCarthy, 1986; Voisin et al., 1987) . The present results, by expanding this catalog of differentiated characteristics, make it possible to begin comparing immature and mature astrocytes in tissue culture, where the number of interacting cell types may be carefully controlled.
